An electrochemical sensor for the quantification of o-nitrophenol (o-NP) has been developed based on the -cyclodextrin functionalized graphene nanosheets modified glassy carbon electrode (CD-GNs/GCE). The results indicated that CD-GNs showed good electrochemical behavior to the redox of o-NP which is attributed to the combination of the excellent properties of graphene and cyclodextrin. The peak currents possess a linear relationship with the concentration of o-NP in the range of 5-400 M. The detection limit of o-NP reached to 0.3 M on the basis of the signal-to-noise characteristics (S/N = 3). The peak potentials for the reversible redox waves are not affected by other nitrophenol isomers (m, p-NP), illustrating good selectivity. Furthermore, the developed electrochemical sensor exhibited good stability and reproducibility for the detection of o-NP and could be used to determine o-NP in real water sample.
Introduction
Nitrophenols, an important group of environmental pollutants, are widely distributed in the environment due to their extensive use in the manufacturing of insecticides, pesticides, dyes, plastics, and explosives [1] . o-Nitrophenol (o-NP) is one of the nitrophenols isomers which has exerted significant toxic effects on human beings, animals, and plants. Therefore, the development of a new method capable of rapidly and cost-efficiently detecting o-NP in the low concentration is highly desirable and urgently necessary for the environment and health protection. Several instrumental techniques are routinely utilized for the determination of o-NP including high-performance liquid chromatography [2, 3] , UV-vis, fluorescence spectroscopies [4, 5] , capillaryzone electrophoresis [6] and electrochemical techniques [7, 8] . Among all these techniques mentioned above, electrochemical methods have received considerable attention for o-NP analysis due to their sensitivity, simplicity, low cost, and easy for on-site determination [9, 10] .
Graphene, a one-atom thick and two-dimensional closely packed honeycomb lattice, has received numerous investigations from both the experimental and theoretical scientific communities since the experimental observation of single layers by Novoselov et al. in 2004 [11] . Due to its large specific surface area, strong mechanical strength, excellent conductivity, and electrocatalytic activity, graphene is an excellent candidate for electrodes material [12] [13] [14] [15] . For instance, Li's group reported the basic electrochemical properties of reduced GN film-modified GCE, which exhibited enhanced electrocatalytic activity for some electroactive species [16] . Lin's group reported a GN-chitosan nanocomposite film, which provided a favorable microenvironment for GOD and promoted its direct electron transfer at the electrode surface [17] . Zhou et al. [18] demonstrated an advanced electrochemical sensing and biosensing platform based on GNs, which showed more favorable electron transfer kinetics and much higher electrocatalytic activity towardsnicotinamide adenine dinucleotide (NADH), free bases of DNA, neurotransmitters, and other biological molecules than those of graphite. All the above studies reveal that graphene can play an important role in accelerating electron transfer and may provide a new opportunity for the development of high-performance electrochemical sensors.
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of (a-1,4)-linked a-D-glucopyranose units, which are toroidal in shape with a hydrophobic inner cavity and a hydrophilic exterior. CDs have attracted great interest due to their ability to incorporate suitable guest molecules into the hydrophobic cavity [19] . By combining the unique electronic properties of graphene nanosheets with the good water solubility and high supramolecular recognition of -CD, the -CD-graphene nanocomposite showed significantly improved electrochemical sensing performance compared to unmodified graphene nanosheets [20] .
Herein, -cyclodextrin functionalized graphene nanosheets modified glassy carbon electrode (CD-GNs/GCE) was fabricated for the determination of o-NP. Due to the unique properties of graphene and CDs, the CD-GNs modified glassy carbon electrode exhibits excellent supramolecular recognition and shows high electrochemical response to o-NP compared with that of the bare GCE and GNs/GCE.
In addition, the electrochemical sensor can recognize o-NP with its isomer and shows good selectivity. Moreover, this method is simple, cost efficient, sensitive, and also can be used for the determination of o-NP in real water sample.
Experiment
2.1. Materials. Three nitrophenol isomers were obtained from Aladdin Reagent Inc. and were dissolved by ethanol water solution (1 : 2). Graphite was purchased from Alfa Aesar. -Cyclodextrin ( -CD), hydrazine solution (50 wt.%), and ammonia solution (25-28 wt.%) were obtained from Beijing Chemical Reagent factory (Beijing, China). Other chemicals were of analytical grade and used without further purification. Water used throughout all experiments was purified with the Millipore system. All the experiments were carried out at room temperature.
2.2.
Apparatus. AFM image was taken by using a SPI3800N microscope (Seiko Instruments Industry Co., Tokyo, Japan) operating in the tapping mode with standard silicon nitride tips. Typically, the surface was scanned at 1 Hz with the resolution of 256 lines/image. Electrochemical measurements were performed with a CHI660C electrochemical workstation (ChenHua Instruments Co., Shanghai, China). A conventional three-electrode system was used, including a saturated calomel electrode (SCE) as reference electrode, a platinum wire as counter electrode, and a bare or modified GCE as working electrode.
Synthesis of CD-Graphene Hybrid Nanosheets and Pure
Graphene. Graphene oxide (GO) was synthesized from natural graphite by Hummers' method with a little modification [21] . CD-GNs were synthesized according to our previous work [20] . Briefly, 20.0 mL of the homogeneous graphene oxide dispersion (0.5 mg/mL) was mixed with 20.0 mL of -CD aqueous solution (80 mg) and 300.0 L of ammonia solution, followed by the addition of 20 L of hydrazine solution. After being vigorously shaken or stirred for a few minutes, the vial was put in a water bath (60 ∘ C) for 3.5 h. The stable black dispersion was obtained. The dispersion was filtered with a nylon membrane (0.22 m) to obtain CD-GNs that can be redispersed readily in water by ultrasonication. 
The cross section identified by the line in Figure 1 shows the height of CD-GNs.
Additionally, the preparation of pure graphene was similar to CD-GNs except for the addition of CD.
Preparation of the CD-GNs/GCE or GNs/GCE and the Electrochemical Measurement.
Prior to the modification, the glassy carbon electrode was polished with 1, 0.3, and 0.05 m alumina slurry and rinsed thoroughly with doubly distilled water between each polishing step. Then, it was washed successively with 1 : 1 nitric acid, acetone, and doubly distilled water in an ultrasonic bath and dried in air. Lastly, 5 L of 0.25 mg/mL CD-GNs or GNs was carefully cast on the surface of the well-polished GCE and dried in air. The CD-GNs/GCE or GNs/GCE electrode was thus obtained. The electrode was then transferred into 0.1 M pH 7.0 phosphate buffer solution containing o-NP, and the CV or DPV signal was recorded after accumulation for 10 min.
Results and Discussion

The Morphology of the CD-GNs.
Atomic force microscopy (AFM) can directly characterize the morphologies and layers of CD-GNs. The AFM samples were prepared by dropping CD-GNs dispersed in water onto clean mica surfaces and dried at room temperature. Figure 1 shows the AFM image of CD-GNs, which illustrates the flakelike shapes of graphene. The average thickness of the graphene nanosheets is about 1-2 nm, a typical characteristic of functional molecule protected single-layer graphene [22] . Figure 2 compares the voltammetric behaviors of 50 M o-NP at the bare GCE (a), the GNs/GCE (b), and the CD-GNs/GCE (c) in 0.1 M pH 7.0 phosphate buffer solutions. There are no significant redox peaks at the bare GCE. However, at the GNs/GCE, o-NP shows better electrochemical behavior than the bare GCE, which may be attributed to the excellent conductivity and large surface area of graphene. While at the CD-GNs/GCE, the peak currents show a remarkable increase compared to that at the other two electrodes. This demonstrates that -CD molecules on the surface of graphene with high supramolecular recognition capability can form host-guest complexes with o-NP. Accordingly, the concentration of o-NP on the electrode has been increased which results in remarkable peak currents enhancement. These phenomena prove that the CD-GNs not only display the excellent properties of graphene, but also exhibit the supramolecular recognition capability of CDs. The influence of scan rate on the peak current of o-NP at the CD-GNs modified electrode was also investigated. As shown in Figure 3(a) , the peak currents of o-NP increased with the increase of the scan rate. At low scan rate (50-300 mVs −1 ), the peak current ( p ) and the square root of scan rate (V) exhibited well linear relation. The linear regression equations are pa (A) = 1.806 × 10 −5 − 3.06 × 10 (Figure 3(b) ). The ratio of the anodic peak current to cathodic peak current is almost equal to unity ( pa : pc = 1). These results demonstrate the electrochemistry of the CDGNs modified GCE corresponding to a diffusion-controlled process which is reversible. following two reasons: one is that the proton is critical in redox behavior of o-NP, and the decrease of o-NP response at high pH is possibly due to the decreases of proton concentration. The other is that the change of microenvironment weakened the inclusive ability of -CD with o-NP and thereby decreased the o-NP concentration on the electrode and reduced the peak current. Therefore, phosphate buffer with pH 7.0 was selected for the subsequent experiments. The effect of the amount of CD-GNs is shown in Figure 4 (c). When the amount of CD-GNs suspension increased from 2 to 5 L, the peak currents of o-NP increased dramatically. However, when it exceeded 5 L, the peak currents decreased. This may be attributed to the thicker film of CD-GNs, which blocked the electrical conductivity. So, the amount of CD-GNs on the GCE was optimized at 5 L. Figure 6 . It is clearly to see that peak potentials for the reversible redox waves of o-NP are not affected by m, p-NP isomers. Therefore, the CD-GNs present good selectivity in the detection of o-NP.
The Voltammetric Behavior of o-NP.
−6 V 1/2 (V/s) 1/2 ( = 0.994) and pc (A) = −1.13×10 −5 +1.85×10 −6 V 1/2 (V/s) 1/2 ( = 0.998)
Optimization of the Experimental
Real Sample Analysis.
In order to evaluate the practical application of the CD-GNs modified GCE, it was used to detect o-NP in several lake water samples. No signals for o-NP were observed in these lake water samples. Thus, the proposed method was applied to the lake water samples spiked with o-NP by adding known amount of o-NP solution.
In pH 7.0 phosphate buffer solution, the samples were measured under the same condition for four times. The average recovery and relative standard deviation (RSD) were determined and shown in Table 1 . The recovery values ranged from 97.4 to 102.3%, which indicates that this sensor could be used in the detection of o-NP in real water samples.
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Repeatability and Stability.
To estimate the repeatability of the proposed method, the current response of 50 M o-NP was detected with the same bare GCE modified six times in the same procedure. The relative standard deviation was calculated to be 4.4%. The results revealed that the electrode possessed satisfying reproducibility. Moreover, the CD-GNsbased o-NP electrochemical sensor also exhibits a good longterm stability. The peak current can maintain over 94% of its initial value after the modified electrode stored at room temperature for 10 days.
Conclusion
In this work, CD-GNs were used as enhanced material for the electrochemical determination of o-NP. The simply fabricated CD-GNs-based electrochemical sensor showed superior electrochemical performance for the determination of o-NP relative to those of GNs and bare GCE. Moreover, the electrochemical sensor exhibited good selectivity, repeatability, and stability. Thereby, the present CD-GNs-based o-NP sensors will probably be promising for a wide range of applications related to the detection of trace amounts of phenol compounds.
